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ABSTRACT 


The  adhesion  of  optically  polished  surfaces  -  "optical  contact"  -  was  investi¬ 
gated  both  under  room  conditions  and  ultrahigh  vacuum  with  the  twofold  objective 
of  determining  the  adhesion  mechanism  and  Its  characteristics  and  extending  the 
technological  applications.  It  Is  shown  that  optical  contact  adhesion  occurs  readily 
under  ulhjhigh  vacuum,  thus  demonstrating  that  the  widely  held  liquid  layer  theory 
Is  not  complete.  Adhesion  mechanisms  ore  discussed,  and  it  is  concluded  that  London 
dispersion  forces  ore  responsible  for  the  odhesion  under  ultrahigh  vacuum.  For  opti¬ 
cal  contacts  mecte  under  room  conditions,  surface  tension  of  a  liquid  layer  probably 
also  contributes.  It  Is  shown  that  optical  contact  techniques  can  be  used  to  obtain 
extremely  efficient  transducer  -  sample  bonds  for  gigacycle  ultrasonic  work.  Re¬ 
flections  as  lew  as  1%  of  the  incident  acoustic  power  were  obtained  at  3  GC  and 
9  GC.  Techniques  for  making  such  bonds  are  discussed.  It  Is  pointed  out  that  the 
incorporation  of  evaporated  metal  films  should  enhance  the  properties  of  optical 
contact  bonds  and  eliminate  some  practical  difficulties.  The  design  and  develop¬ 
ment  of  a  high  vacuum  evaporator  are  described. 
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1.  tMTSCSlCTCN 

If  two  cl©nn  opflcally  pollsh&d  surfaces  era  brought  Into  tnfimato  contact,  thay  will 


oAm  cdh©t»  loans  crosbr.  This  phenomenon  Is  known  as  "optical  contact."  Tbs 
ebicclivss  of  tha  present  effort  can  bo  divided  into  two  main  categories;  0)  basis 

studies  of  the  phonosrecnon  of  optical  contact.  Including  exp:  fmente  otultrahigh  vac¬ 


uum,  (2)  the  practical  application  of  optical  contacting  technique*,  especially  In 
the  bonding  of  transducer-sample  assemblies  for  gigaeycie  ultrasonic  studies. 


Section  11  discusses.  In  brief  and  general  terms,  commonly  observed  surface  adhesion 
phenomena.  In  order  to  set  the  stage  for  a  specific  discussion  of  optical  contort,  ond 
the  findings  of  the  present  study. 


11.  ADHESION  BETWEEN  SOLID  SURFACES 
1.  Metals 

It  Is  well  known  that  metal  surfaces  can  sleze  or  cold-weld  If  surface  contamination 

1-4 

and  oxide  layers  are  either  broken  through  mechonlcolly  or  removed  under  vacuum  • 

A  metallic  bond  Is  formed  between  the  pure  metals  thus  brought  Into  contact  which 
Is  presumably  the  same  as  the  bond  present  In  the  bulk  material.  In  the  case  of  metals, 
the  area  over  which  bonding  occurs  can  become  quite  large  due  to  plastic  flow  of  mi¬ 
croscopic  surface  asperities.  The  application  of  small  tangential  stresses  further  en- 
hances  function  growth  '  .  The  phenomenon  of  friction  is  closely  related  to  ad¬ 

hesion.  According  to  the  theory  proposed  by  Bowden  and  Tabor,  metallic  friction  is 
due  to  the  shearing  of  microwelds  plus  a  contribution  from  mechanical  plowing  action  '  . 
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2.  Brittle  Solids* 

In  llw  cose  of  brittle  lolidj,  cdkosfcn  phenomena  ere  not  to  rcsdSly  cbssrvsd.  The 
orao  of  Intimate  contact  between  such  materials  is  almost  always  a  minute  frsetlsa  ©f 

th«  geometric  area.  If  this  area  cf  itriJr.asto  contact  It  Increased  by  tbs  application 
of  o  normal  Iced,  any  mlcrawolds  winch  might  bo  formed  would  generally  bo  broken 
upon  load  removal,  duo  to  the  rolaasa  of  elastic  sfressst  In  tha  bulk  of  the  sample. 
Under  extreme  compressive  forces,  sufficient  to  Induce  plastic  flaw,  some  brittle  sub¬ 
stances  such  as  rock  salt  can  be  made  to  adhere  (If  proper  crystallographic  alignment 
Is  provided)  with  strengths  comparable  to  bulk  tensile  strength^.  An  exceptional 
cose  is  that  of  mica  which  when  cleaved  is  molecularly  smooth  over  retfosr  largo  cross. 


Adhesion  between  rejoined  cleaved  surfaces  is  readily  observed  and  has  received  cen- 
2 ,6,7, 

slderable  attention  .  Both  ionic  and  von  der  Weals  forces  contribute  to  the 


adhesion,  but  the  key  factor  ts  obviously  the  extreme  flatness  and  consequent  largo 
area  of  Intimate  contact  upon  rejoining. 


*The  term  "brittle  solids"  Is  intended  to  Include  non-metallic  inorganic  single  crystals 
end  glasses.  Specifically  excluded  from  the  discussion  are  polycrystalline  materials, 
metals,  plastics,  elastomers,  and  other  organic  materials. 
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3.  Effect  of  £i?Sk  landing  f/ischanfsms  cr>  AdKsgfgn 

The  chovo  remarks  Indicate  that  lack  of  sufficient  surface  area  In  intimate  contact  Is 
tbs  main  reason  for  the  paucity  of  adhesion  phenomena  observed  with  brittle  solids. 
Another  reason  has  to  do  with  the  type  of  bonding  which  characterises  the  tolld.  A 
pure  covalent  bond  Is  highly  directional  ard  requires  precise  near  neighbor  position¬ 
ing.  Precise  near  neighbor  positioning  Is  also  required  in  ionic  solids  because  of  the 
alternating  array  of  positive  and  negative  ions.  Thus,  if  two  perfectly  plana,  and 
identical  crystal  faces  of  an  ionic  or  covalent  solid  are  brought  Into  contact,  the 
possibility  of  ionic  or  covalent  bonding  across  the  interface  would  appear  to  be  ex¬ 
tremely  remote  since  perfect  crystallographic  coincidence  would  be  almost  impossi¬ 
ble  to  obtain.  The  metallic  bond  is  considerably  less  sensitive  to  bond  angles  and 

deviation  of  the  near  neighbors  from  equilibrium  positions,  and  this  is  an  important 

3 

factor  In  the  adhesion  of  metals  . 

111.  OPTICAL  CONTACT* 

1.  Characteristics 

A  careful  observation  of  the  optical  contacting  process  reveals  several  interesting 
features.  As  the  clean  polished  fiats  are  brought  close  together  first  order  inter¬ 
ference  fringes  are  observed,  indicating  the  presence  of  an  air  wedge.  These  first 

o 

order  colors  go  over  to  a  uniform  gray  appearance  at  a  separation  of  about  1000  A. 


•For  a  description  of  optical  contacting  techniques  see  section  IV,  1 .  and  2. 
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If  the  separation  Is  decreased  furShsr,  a  sudden  seizure  of  the  surfaces  occurs  and 
the  appearance  Is  a  uniform  black,  indicating  a  reduction  in  the  optical  reflectivity 
of  the  interface  cf  several  orders  of  magnitude.  According  to  Lord  Rayleigh's  measure¬ 
ments,  the  optical  reflectivity  of  an  optical-ccntact  bend  is  between  2  x  10"^  and 
2  x  1C5,  if  the  incident  light  intensity  is  taken  as  urtify® .  On  this  basis,  he  calcu¬ 
lated  that  the  average  separation  of  surfaces  in  optical  contact  is  between  10  and  30  &. 

This  figure  is  clearly  too  small,  since  the  mean  height  of  surface  irregularities  is  at 

°  o 

least  100  A.  The  actual  separation  probably  ranges  from  0  to  200  A. 

The  tensile  strength  of  an  opt:cal  contact  bond  is  surprisingly  large.  Lord  Rayleigh 
measured  strengths  up  to  46  Kg/c nr  v  *  .  Several  tests  were  made  during  the 

course  of  the  present  studies  using  the  apparatus  shown  in  Figure  1 .  Special  care 
must  be  taken  to  eliminate  vibration  and  to  insure  that  the  pull  is  normal  to  the  plane 
of  the  interface.  Bond  strength  was  approximately  14  Kg/cnr  for  Z-cut  quartz  samples. 
It  was  ebrerved  that  breakage  of  an  optical  contact  bond  always  occurs  as  a  slow 
progressive  stripping  initiated  at  some  imperfection  at  the  border  of  the  contact 
area.  The  area  of  non-contact  would  slowly  grow  larger  over  the  course  of  several 
minutes  (no  more  weight  being  added)  until  only  about  2/3  of  the  original  area  was 
still  in  contact.  At  this  point,  sudden  breakage  would  occur.  Thus,  the  actual 
tensile  strength  is  probably  many  times  greater  than  whot  is  measured. 

One  possible  means  of  measuring  more  accurately  the  adhesive  strength  of  optical 
contact  is  to  use  a  well -polished  convex  lens  of  large  radius  and  an  optical  flat. 

The  central  black  spot  of  the  Newton  rings  formed  when  the  lens  is  placed  on  top 
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of  tho  flat  is  an  area  of  optical  contact.  If  t!;a  lens  is  sat  info  a  rocking  motion, 
o no  could  probably  rotate  tha  damping  of  this  oscillation  to  tho  adhesivo  strength. 

This  typo  of  expert  man  t  would  eliminate  the  problem  of  a  perfectly  normal  pull, 
and  would  not  be  as  sensitive  to  the  presence  of  dust  as  is  a  straight  tensile  test. 

This  experiment  could  be  done  under  a  variety  of  environm  jI  conditions,  including 
high  vacuum. 

When  an  optical  contact  bond  is  made  under  normal  room  conditions,  there  are 
generally  a  few  dust  particles  trapped  between  the  surfaces.  These  dust  particles 
ore  easily  detected  if  the  interface  is  viewed  at  a  glancing  angle.  They  appear 
as  white  specs  against  the  black  background.  What  one  is  actually  seeing  is  the 
area  around  the  dust  particle  which  is  not  in  contact  and  hence  has  a  much  higher 
optical  reflectivity.  Occasionally,  a  trapped  dust  particle  is  large  enough  for 
some  of  the  first  order  interference  colors  to  appear,  but  this  is  usually  not  the  case, 
at  least  with  the  flats  used  in  these  studies  (up  to  1  inch  diameter).  Such  large  dust 
particles  usually  prevented  contact  altogether.  Appendix  1  describes  some  work  on  the 
local  stress  induced  in  pyrex  flats  by  trapped  dust  particles* 

2,  liquid  Layer  Theory 

Most  authors  ettribute  the  adhesive  force  of  optical  contact  entirely  to  surface 
tension  of  an  extremely  thin  film  of  liquid  (usually  condensed  water)  at  the  inter¬ 
face.  Water  from  the  atmosphere  collects  around  hygroscopic  impurities  on 


surfaces.  It  Has  been  reported  that  the  equivalent  of  cbout  20  molecular  layers 
Is  present  at  a  relative  humidity  of  CG%£0^*  The  attraction  of  two  flat 
parallel  plates  with  a  thin  film  of  liquid  between  them  is  given  by  the  equation: 

f  =  (1) 

where  T  is  the  surface  tension  of  the  liquid,  d  is  the  separation  of  the  plates,  and 

in  0 

A  is  the  area  in  contact*  .  For  a  water  film  1000  A  thick,  the  adhesive  force  per 
unit  area  is  15  Kg/cni  .  McFarlans  and  Tabor  studied  the  adhesion  of  glass  beads 
to  flat  glass  plates  for  various  liquid  layers,  and  found  a  direct  variation  of 
adhesion  with  surface  tension  ^  ^ .  They  reported  no  adhesion  in  air  at  a  relative 
humidity  below  about  50%. 

One  of  the  consequences  of  the  surface  tension  theory  is  that  the  farce  of 
adhesion  between  plates  should  disappear  if  the  junction  is  surrounded  by  the  same 
liquid  as  produces  the  adhesion.  This  effect  has  been  observed  In  this  laboratory 
in  several  experiments  using  water.  However,  this  is  not  considered  conclusive 
proof  that  surface  tension  of  a  liquid  film  is  the  sole  mechanism  of  adhesion. 

One  of  the  first  and  most  important  objectives  of  the  present  work  was  lo  deter¬ 
mine  if  covalent,  ionic  or  van  der  Wools  forces  contribute  to  optical  contact 
adhesion.  To  do  this,  optical  contacting  experiments  were  carried  out  ot  ulfrahigh 
vacuum  where  water  films  could  be  readily  eliminated  or  at  least  reduced  to  single 
monolayer  coverage,  in  which  case  the  liquid  layer  theory  would  clearly  not 
apply.  These  experiments  are  described  in  the  next  section. 
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3.  ©£*fca!  Cenfaetct  UStrahl^h  Vacuum 

— RBTiM— liiii  l  ■*—a—aawaap3iM» 

o  •  Vs-suirb  System 

THa  vssuuin  system  la  shown  schematically  In  Figure  2.  The  3  liter  psr  second 

Vartan  Icn  pusnjp  (ftbde!  No.  91 1  -SCC3)  is  connected  en  the  lew  vacuum  aids 
through  o  stainless  steal/  teflon  seated  valve  to  a  Vac-Sorb  pump  (Verkin 
Model  No.  941-5S1C).  On  the  high  vacuum  side,  a  bak&sblo  valve  (Vorlcn 
Model  No.  95T5027)  permits  isolation  of  the  pump.  The  test  chamber  end  1 
liter  par  second  Ion  pump  (Varlan  Model  No.  913-CC3S)  are  connected  via  a 
gkm  tea  I -off  tube  to  a  larger  Pyrex  chamber.  The  system  was  mounted  on  a 
Specially  constructed  bench  with  translte  top.  The  bakeable  valve  and  test 
chamber  were  located  above  bench  level,  the  large  ion  pump  and  Vac-Sorb 
pump  were  located  below.  Bakeout  of  the  system  was  accomplished  by  a  4SSPC 
oven  which  could  be  lowered  onto  the  bench  top.  Temperature  was  controlled  to 
within  o  few  degrees  by  a  Fenwatl  thermoswitch.  Several  different  test  chamber 
designs  were  experimented  with.  The  final  configuration  is  shown  in  Figure  3, 
and  photographs  are  given  in  Figure  4.  in  all  of  the  ultrahigh  vacuum  experiments 
performed,  1/4  Inch  diameter  Z-cut  quartz  rods  and  1/2  inch  diameter  Z-cut 
quartz  flats  were  used  as  samples. 

b.  Experimental  Procedure 

Before  placing  the  sample  rod  and  flat  In  the  test  chamber,  the  two  were 
optically  contacted  together.  If  microscopic  inspection  revealed  the  presence 
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of  tress: 


dust  particles,  th®  contact  was  simply  broken  crJ  remade  In  trial 


end  error  Cushion  until  a  good  quality,  dust-free  contest  cc-s  ebialr 


I.  Tills 


proc  jdura  Insured  that  no  dust  colbefod  on  tha  optically  poliihsd  surfaces 


during  test  chamber  assembly  and  attach  merit  to  tho  main  vacuum  system.  After 
system  assembly  and  pump-down  to  the  10*^  torr  range,  tha  optical  contact  was 
broken  by  moans  of  the  manipulator  rod,  and  the  two  surfaces  were  held  opart 
during  a  12  hour  450°C  bakeout.  After  the  system  returned  to  room  temperature, 
the  one  liter  per  second  ion  pump  was  started  and  the  tabulation  from  the  test 
chamber  to  the  main  vacuum  system  sealed  off.  The  pressure  in  the  test  chamber 
rapidly  fell  below  8  x  10”^  torr*. 


The  manipulator  red  was  then  used  to  bring  the  end  face  of  the  rod  into  contact 
with  the  flat.  The  interference  colors  could  be  viewed  through  the  rear  end  of 
the  Pyrox  test  chamber,  and  thus  the  progress  to  optical  contact  could  be  checked 
In  much  the  same  manner  as  when  one  mokes  contacts  under  normal  room  conditions. 


•Pressure  was  determined  by  monitoring  the  ion  pump  current,  and  using  a 
conversion  chart  supplied  by  the  manufacturer.  8  x  10”^  torr  is  approximately 
the  lower  limit  using  this  method.  The  actual  pressure  was  probably  consider¬ 
ably  lower. 


{» tfe®  Rs?  c  ©pi'csl  eesstos?  erjkl  bo  es&Hfdsd  ©vs? ©«Jy  cissf  la!? 

ef  tk?  1/4  Inch  cfk.r^tor  croa  ewfog  to  a  <!sst  psrflcb  ilia?  hod  bsecma  wsd^sd  ks- 
tmm  iv:R;:i3.  Kavsf&stafa  a&csbn  was  evident.  Dust  was  also  r^psnsfbb 
to  «cro  fc!’urc#.  As  o  ntuli,  lb  dust  shield  wes  added  to  tbs  tost  eSaffto 

Igwe  2).  The  capper  pieces  of  the  shield  were  polished  end  mated  to  provide 


an  Intimate  fit.  In  a  subsequent  experiment,  optical  contact  was  made  over  the  com* 
plats  crea.  The  effect  was  quite  striking,  a  sudden  saizuro  occurring  as  soon  as  a 
certain  critical  separation  was  reached.  Contact  was  brobtn  and  remade  several 
times  with  no  difficulty .  It  was  not  possible  to  accurately  measure  the  adhesive 

strength  under  vacuum,  since  a  precise  normal  pull  is  required,  but  it  was  at  least 

2  2 

o  few  kg/cm  •  Whan  removed  from  the  vacuum  system,  a  force  of  14  kg/cm  was 

required  to  break  the  bond,  which  is  the  same  os  for  contacts  made  in  air.  Since 

13 

optical  contact  bonds  ore  good  vacuum  seals  ,  it  is  unlikely  that  water  could 
have  penetrated  the  interface  and  formed  on  adhesive  film. 


"We  were  rather  surprised  to  find  that  dust  collected  on  the  surfaces  even  after  high 
vacuum  was  established.  We  performed  some  experiments  at  ultrahigh  vacuum  to 
study  the  mobility  of  dust  particles  using  the  rod  and  flat,  so  to  speak,  as  a  "dust 
detector."  It  wot  found  that  a  gentle  tapping  of  the  test  chamber  wall  caused  dust 
particles  to  change  their  positions  and  brought  additional  dust  onto  the  surfaces. 
These  simple  experiments  are  of  some  significance  since  they  show  that  dust  parti¬ 
cles  ore  quite  mobile  and  can  be  dislodged  by  minor  shock  and  vibration.  This 
should  have  a  bearing  on  thin  film  evaporation  work,  when  dust  particles  cause 
pinholes,  and  in  areas  os  far  afield  os  the  question  of  dust  mobility  on  the  moon. 
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c.  Analysis  of  Results  end  Critique  of  Liquid  Lcycr  Hess y 


In  another  exprhivcnf,  the  same  prscedyro  cs  doscrihcd  clove  wes  followed  except 

tint  a  longer  thoo  was  allowed  for  pumpdown  before  the  taking  cycle  was  initiated. 

•S 

Tm  pressure  bed  fallen  to  a  steady  value  of  6  x  10  torr.  When  the  optical  contact 

between  the  red  and  flat  was  broken,  it  was  noted  that  a  small  burst  of  gas  was  re- 
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leased  causing  the  pressure  to  rise  sharply  from  6x10  tenr  to  15  x  10  torr  and 

»A 

then  return  to  6  x  10  °torr.  It  can  be  assumed  that  any  wafer  layer  present  would 
Immediately  evaporate  when  the  surfaces  were  exposed  to  tho  vacuum^.  On  this 
assumption,  a  simple  calculation  shows  that  the  gas  burst  was  equivalent  to  only 
1/100  of  a  monolayer  coverage.  The  gas  release  was  probably  due  largely  to  the 
flexing  of  the  hollows  which  occur  when  the  manipulator  rod  is  pulled  back  to 
break  the  contact. 


This  evidence,  together  with  the  experiments  where  optical  contact  was  made  under 
ultrahlgh  vacuum,  have  demonstrated  that  the  liquid  layer  theory  is  not  complete. 
There  exist  forces  between  highly  polished  surfaces  which  of  themselves  are  suf- 
ficient  to  produce  adhesive  strength  of  a  few  kg/cm  .  It  appears  most  likely  that 
for  optical  contact  bonds  made  under  room  conditions,  two  mechanisms  are  present- 
surface  tension  of  a  water  film  enhancing  an  independent  attractive  mechanism,  in 
support  of  this,  some  experiments  were  performed  with  thin  disks  contacted  on  one 
edge  to  large  flats.  If  was  observed  that  if  the  surrounding  atmosphere  was  saturated 
with  water  vapor,  the  contact  area  would  Increase,  thus  indicating  that  surface 
tension  of  condensed  water  tends  to  pull  the  disk  into  closer  contact  with  the  fiat. 


It  Is  itaflke!/ Iks*  ft.3  €w-2rvti  c&vzzl&n  vrdzr  ufiiC&Jjli  vacuum  faulted  fern  o  ibb* 
ualfbtm  dh'r’lbslcn  cf  eSccfrosSatfe  ibsco? c  ckztQZt*  Kltdisnw  end  have 

$wm  that  suds  c!.v.;w:3  era  b  dhdnslsi  by  cy^zzlng  tb  surfaces  t>  c  glow  d*s- 
ebfgt  far  several  taersds.  Tb  ten  pusp  convenient 'y  provided  this  condition  both 

of  the  start  ©f  poking  end  daring  tta  early  phcca  of  bekeout.  Also,  there  would  bo 
o  certain  entrant  of  fenlo  backsfrcoming  from  the  pump  even  at  lew  pressure. 


In  accordance  with  the  discussion  of  faction  II,  it  would  not  appear  res  sens  bio  to 

attribute  tho  adhesion  to  Ionic  or  covalent  bonding.  Tho  ductility  of  quartz  Is  negli¬ 
gible,  co  that  tho  area  of  Intimate  contact  was  probably  only  a  minuto  fraction  of  the 
total  Interface.  This,  coupled  with  tho  necessity  of  precise  near  neighbor  separation 
and  orientation,  would  tend  to  rule  out  such  forces.  However,  one  cannot  make  an 
absolute  statement  on  this  matter.  As  mentioned  above,  under  high  compressive  leads 
properly  oriented  rocksait  crystals  will  adhere  (compressive  loads  had  no  apparent 
effect  on  adhesion  in  the  present  experiments) .  Studies  of  the  frictional  properties 
of  diamonds  have  shown  that  the  coefficient  of  friction  increases  from  0.05  at  760 
ton  to  0.9  at  10  ^torr  with  the  frictional  resistance  attributed  to  the  shearing  of 
mlcrowelds^. 


The  adhesion  was  most  likely  due  to  van  der  Wools  forces  or,  more  specifically, 
London  dispersion  farces.  These  forces,  which  produce  a  universal  attraction  be¬ 
tween  atoms  and  molecules,  produce,  os  well,  an  attractive  farce  between  solid 
bodies.  This  effect  has  been  directly  observed  by  several  Investigators  at  separa¬ 
tions  ranging  from  1000  to  10,000 fusing  optically  polished  surfaces. ^'^,18 
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Tlwlr  results  agreed,  within  export  mental  error,  both  with  tha  microscopic  theory  of 

19 

Castmtr  end  Polder  which  ccaumes  additivity  of  the  London  forces  between  indi- 

20 

vtdual  molecules,  end  the  mere  recent  macroscopic  theory  of  Ufiijjtt*  •  According 

to  th®  proponents  of  the  !ot*cr  theory,  there  is  no  justification  for  extending  tin®  eddi- 


tivity  of  London  forces  to  the  cor®  of  solid  bodies.  TH®  Lif*hitz  approach  mokas  no 
assumptions  about  the  nature  of  th®  interaction  between  Individual  atoms,  but  in¬ 
stead  attributes  the  Interaction  between  macroscopic  bodies  to  th®  fluctuating  electro¬ 
magnetic  field  which  is  always  present  in  the  Interior  of  an  absorbing  medium  and  ex¬ 
tends  beyond  its  boundaries.  In  any  event,  both  theories  predict  that  for  separations 
less  than  about  200  the  attractive  force  per  unit  area  between  fiat  parallel  surfaces 

should  be  proportional  to  th®  inverse  third  power  of  distance.  This  has  boon  confirmed 

21 

by  some  recent  work  of  Bailey  on  the  attraction  between  molecularly  smooth  mica 

sheets,  although  there  Is  some  doubt  that  ionic  attraction  was  entirely  eliminated. 

2  2  o 

Attractive  forces  of  1 100  kg/cm  at  10-^  separation  and  1 .5  kg/cm  at  100  A  were 

reported.  Unfortunately,  It  is  not  possible  to  make  a  sensible  calculation  of  the 
attraction  to  be  expected  between  surfaces  in  optical  contact  because  the  distance  be¬ 
tween  them  varies  over  such  a  wide  range  due  to  surface  roughness  (approximately  133/?). 

Nevertheless,  since  the  separation  distance  over  a  large  percentage  of  the  interface 

o 

was  probably  less  than  100  A,  van  der  Wools  forces  could  easily  account  for  an  ad- 

2 

hesive  strength  of  14  kg/cm  .  If  smoother  surfaces  can  be  produced,  a  considerably 


enhanced  adhesion  should  result. 
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IV.  AfPLCATiOH  C?  OfTc'CAL  CONTACTING  TSCHNSGISS 


rjj*  saic* 


1.  fu 


'  ,**»  #1? m  /ft  4?  f?  b  -  ”i  ■>*■  <ti„» 
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In  order  fa  k;g!is  gacd  optical  contact  tends,  \\io  surfaces  must  ba  free  of  greasa  end 
other  contaminants,  end  largo  dust  particles  must  bo  excluded.  It  Is  not  necessary  to 


use  o  dustfroe  room,  but  this  would  certainly  be  helpful  end  reduce  the  number  of 
trys  that  are  normally  required  to  obtain  a  reasonably  good  bond.  For  clearning  the 
flats,  wo  hove  generally  found  it  sufficient  to  wipe  them  first  with  acetone-soaked 
Ions  tissue  and  then  with  lens  tissue  soaked  in  purified  petroleum  ether.  A  chromic 
aeid  solution  can  be  used  to  remove  grease.  We  have  occasionally  used  a  cellulose 
acetate  tape  available  from  Ernest  F.  Fuilam,  Inc.,  Schenectady,  New  York  for 
removing  dust  just  prior  to  contacting.  This  tape  is  normally  used  in  election  micros¬ 
copy  surface  replicating  work.  Surfaces  are  cleaned  first  in  the  manner  described 
above,  then  tope,  softened  in  acetone,  is  evenly  applied.  The  tape  is  removed 
when  dry  and  the  two  surfaces  can  often  be  contacted  without  any  apparent  dust. 
However,  pieces  of  the  {ape  are  sometimes  left  sticking  to  the  surface  so  that  this 
method  was  not  used  when  very  high  quality  contacts  were  required. 


22 

2 .  Contacting  Techniques 

Once  surfaces  have  been  cleaned,  they  must  immediately  be  brought  into  contact, 
otherwise  dust  will  recollect.  The  seizure  of  the  surfaces,  which  signals  the  onset 
of  optical  contact,  is  achieved  by  making  the  two  surfaces  parallel  and  pressing 
with  a  normal  force  of  a  few  pounds  per  square  Inch.  We  have  found  that  this  pro¬ 
cess  must  be  carried  out  manually  while  observing  the  interference  fringe  pattern  to 
assure  parallelism.  Since  work  must  be  done  by  hand  and  eye,  results  improve 
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signiffcicntiy  with  experience,  os  !n  ncny  otfcsr  cress  of  tb  epical  erf. 

If  red  specimens  ere  to  bo  bonded.  It  Is  best  to  first  ceniac?  thc-ai  to  auxiliary  fists* 

This  permits  ©no  to  Inspect  tha  bond  ccrsfully  under  o  microscope  for  freedom  ko 

dust  and  other  irregularities.  if  a  white  light  scarce  Is  aligned  so  that  tho  micros- 
cope  views  the  reflection  from  the  interbee,  the  area  in  optical  contact  will  appear 
black  because  of  the  almost  negligible  reflectivity.  Areas  of  noncontact  caused  by 
dust  particles  will  show  up  clearly  as  white  spschs  against  this  background.  Optical 
contact  is  mode  between  the  rod-end  faces  by  simply  snapping  them  off  the  auxiliary 
flats  and  pressing  them  quickly  together.  If  a  disk  is  to  bo  contacted  to  a  rod,  only 
the  latter  uses  an  auxiliary  flat.  In  both  cases,  it  is  important  to  carefully  rechock 
the  contact  area  of  the  assembly  undsr  a  microscope. 

We  have  succeeded  in  making  optical  contact  bonds  between  various  combinations  of 

the  following  materials:  Pyrex  glass,  fuzed  quartz,  single  crystal  quartz,  A^O,  KCI, 
AljOg/Ge,  and  YIG  -  the  latter  5  in  the  form  of  single  crystals.  And  we  have  mode 
optical  contacts  between  quartz  and  evaporated  layers  of  gold  and  permaloy.  It  would 
appear  that  any  two  surfaces  can  be  optically  contacted  if  they  can  be  made  suf¬ 
ficiently  flat  and  smooth.  This  observation  supports  aur  contention  that  the  bonding 
is  due  to  van  der  Wools  forces  (in  the  absence  of  the  ultrahigh  vacuum  experiment, 
it  could  also  support  the  liquid  layer  theory) . 

3,  Temperature  Cycling  Experiments 

Experiments  were  conducted  to  determine  if  optical  contact  bonds  retained  their  strength 
at  low  temperature.  These  experiments  have  a  significance  as  a  critique  of  the  liquid 


ducer-ssmpfa  ecmhifiatfons  cw!d  fca  ussd  In  law  tMtperatura  gfgacycl®  ultrasonics  re¬ 
search. 

Wi  have  found  flat  optical  contact  bands  botvvoon  rods  ©f  dissimilar  material  break 

when  cooled  to  liquid-nitregsn  temperatures,  and  this  limits,  to  tom®  extent,  th® 

practical  applications  of  th®  optica  I -con  tact  technique .  We  attribute  this  break- 

ape  to  differential  thermal  expansion  sine®  breakage  does  not  occur  if  th®  two  rods 

are  of  the  sama  material  and  crystal  orientation.  A  bonded  pair  of  X-cut  quartz  rods 

o 

and  a  bonded  pair  of  AC -cut  quartz  rods  were  cooled  to  1 .5  K  where  ultrasonic  ex¬ 
periments  wer®  performed  on  them  (see  section  IV,  4.  below)  and  then  cycled  back 
to  room  temperature.  There  was  no  apparent  change  in  the  bond  os  a  result.  Also, 
we  have  found  that  thin  disks  bonded  to  rods  or  large  fiats  can  be  cycled  to  cryogenic 
temperatures  even  if  the  larger  piece  is  of  a  different  material.  Apparently,  the  thin 
disks  can  deform  and  still  retain  their  adhesion. 

4.  Gigacycle  Ultrasonic  Experiments 

Several  optically  contacted  transducer-sample  combinations  were  supplied  to  Dr.  foul 
Carr  of  Air  Force  Cambridge  Research  Labs  who  performed  experiments  on  them  to  de¬ 
termine  the  reflectivity  of  the  bonds  for  acoustic  woves  of  3  and  9  glgacycies  (&=  19,500 
o  o 

A  and  6,500  A  respectively).  The  apparatus  and  technique  employed  are  described 
23 

elsewhere  .  The  combinations  supplied  included: 


(1)  X  quartz  rod  bended  to  X  quartz  red 

(2)  X  quartz  disk  bended  to  Z  quartz  red 

(3)  X  quartz  disk  bended  to  ruby  red 

(4)  AC  quartz  rod  bonded  to  AC  quartz  rod 

The  two  rods  of  the  first  combination  were  of  different  lengths  to  that  echoes  from 
the  bond  and  from  the  far  end  face  could  be  easily  distinguished.  The  optic  or  Z 
axes  of  the  rods  were  aligned  to  within  a  few  degrees.  For  longitudinal  waves  of 
3  GC  and  9  GC,  it  was  found  that  less  than  1%  of  the  incident  acoustic  power  was 
reflected  by  the  optical  contact  bond.  This  is  a  significant  improvement  over 
standard  adhesive  bonds  which  normally  transmit  only  about  1%  of  the  incident  power. 
It  is  worth  noting  that  a  small  dust  particle  was  trapped  between  the  rods  producing 
an  area  of  non-contact  over  about  1  %  of  the  cross  sectional  area .  The  observed  re¬ 
flectivity  could  have  boon  due  almost  entirely  to  this. 

The  second  combination  also  demonstrated  excellent  acoustic  transmission  properties, 
although  It  was  not  possible  to  measure  directly  the  bond  reflectivity.  Or.  res¬ 
onance,  these  disks  gave  conversion  efficiencies  of  the  same  order  of  magnitude  as 

23 

with  surface  excitation  of  an  X-cut  quartz,  rod  in  the  same  cavity  .  If  It  Is  assumed 
that  the  bond  thickness  is  negligible  compared  to  the  acoustic  wavelength,  the  re¬ 
flectivity  is  given  by: 


Z)  +  Z2 


(2) 
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whw  Z,  the  cHcracJurUfle  cesusJlc  ImpscJ^c®,  Is  lb®  product  of  the  mass  density 
end  the  reisvent  ecsustfe  velocity.  Fer  cer;*;!r.3?fcn  (2),  the  refiacflvlty  would  be 
0.073  fer  longitudinal  waves.  About  a  dozen  echos*  were  obtained  with  combi¬ 
nation  (3)  end  considerable  ringing  we*  observed.  From  equation  (2),  the  bend  re¬ 
flectivity  should  be  0.49,  which  would  not  account  entirely  for  the  poor  results. 
The  quality  of  the  contact  was  poor;  about  one  third  of  the  interface  area  was  not 
In  contact  and  it  is  believed  that  there  was  a  rather  thick  water  layer  present. 


With  combination  (4)  using  transverse  waves  of  3GC  and  9GC,  the  reflection 
from  the  op' leal  contact  bond  was  about  an  order  of  magnitude  larger  than  for 
longitudinal  waves  In  combination  (1),  or  about  10%.  The  AC  rods  were  aligned 
by  matching  up  scribe  lines  which  were  cut  in  the  sides  of  the  rods  by  the  manu¬ 
facturer.  However,  by  using  a  polarizing  microscope,  it  was  found  that  the  rods 

o 

were  actually  misaligned  by  approximately  17  .  Letting  E  represent  the  amplitude 

of  the  elastic  displacement  vector,  the  amplitude  of  the  wave  transmitted  through 

the  bond,  E^,  is  related  to  the  amplitude  of  the  incident  wave  by: 

Et  =  E.  cos  17°  =  (0.96)  E.  . 

2 

Acoustic  power,  P,  is  proportional  to  E  . 

Thus, 

2 

Pt«(Q.96)  P}  =  (0.92)P.  . 


*  0.08  Pj,  a  reflectivity  of  8%. 


Assuming  loss  is  negligible. 
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Thus,  the  large  reflection  could  Hava  been  due  primarily  to  tills  misalignment  rather 
than  the  bend  itself. 

Another  pair  of  optically  contacted  X-cut  reds,  similar  to  combination  (I)  war©  used 

In  a  reentrant  cavity  with  rounded  posts  so  that  both  longitudinal  and  transverse  waves 
could  be  generated.  It  was  found  that  the  reflectivity  for  transverse  waves  was  higher 
than  for  longitudinal  waves  by  about  a  factor  of  10,  but  it  is  not  certain  that  there 

was  perfect  crystallographic  alignment  of  the  two  X-cut  rods.  The  polarizing  micro- 

o 

scope  was  used  to  align  the  Z  axes  to  within  1  .  However,  with  this  technique,  it 

is  not  possible  to  distinguish  between  the  +Z  and  -Z  directions.  The  transverse  waves 
o  o 

are  polarized  at  +30  and  -60  with  respect  to  the  Z  axis.  Hence,  if  the  +Z  axis  of 
one  rod  was  lined  up  with  the  -Z  axis  of  the  other,  a  high  reflection  would  be  expected 
at  the  interface.  Thus,  the  question  of  whether  an  optical  contact  bond  actually  re¬ 
flects  transverse  waves  to  a  greater  extent  than  longitudinal  waves  is  still  open. 

5.  Extension  of  the  Technical  Applications  of  Optical  Contact 
With  respect  to  low  temperature  gigacycle  ultrasonic  work,  there  are  two  major 
problems  which  must  be  overcome  before  optical  contact  can  be  considered  a  general 
solution  to  the  bond  attenuation  problem.  The  first  is  the  breakage  of  the  bond  when 
large  specimens  of  dissimilar  materials,  joined  by  optical  contact,  are  cooled  to  low 
temperatures.  The  second  is  the  reflection  due  to  acoustic  impedance  mismatch  at  a 
bond  between  dissimilar  materials  (see  eq.  2).  Fortunately,  it  may  be  possible  to  solve 
both  problems  together  by  evaporating  metal  layers  onto  the  surfaces,  and  contacting 
them  while  still  under  ultrahigh  vacuum.  This  approach  may,  in  addition,  result  in 
stronger  adhesion  since  metallic  bonding  should  contribute. 
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It  should  fee  pscdblt  to  chccss  a  firsts  I  er  clley  whoso  ductile-brittle  transition  p^inf 
lies  a  few  degrees  cbove  helium  temperature.  A  film  of  this  metal  between  rods  of 
dissimilar  materials  should  solve  the  thorra!  fercskcg®  problem .  If  this  film  Is  olso 
chessn  to  os  to  bo  of  approximately  Intermediate  acoustic  Impedance,  end  a  quarter 
•  wavelength  thick,  the  reflection  frem  the  band  can  be  eliminated. 


Section  V,  below,  describes  the  development  of  an  ultrohigh  vacuum  evaporator  de¬ 
signed  to  accomplish  the  above.  It  can  also  be  used  for  other  general  evaporation 
work,  and  for  depositing  double  layers  of  suitably  chosen  quarter  wav®  films  to  im¬ 
prove  the  coupling  between  electromagnetic  sources  and  acoustic  waves  in  ac- 

24 

cordance  with  the  recent  paper  by  Ho  yd  I  et  al. 

V.  DEVELOPMENT  OF  ULTRAH1GH  VACUUM  EVAPORATOR 
1 .  Design  Considerations 

Considerable  effort  was  expended  toward  finding  the  optimum  design  for  a  laboratory 
Installation  which  would  be  suitable  for  performing  optical  contact  bonding  under 
ultrahigh  vacuum  after  the  deposition  of  suitable  thin  films.  First,  a  survey  of  exist¬ 
ing  evaporators  was  made  to  determine  whether  commercially  available  units  would 
have  sufficient  flexibility  for  the  work  intended.  It  wos  concluded  that  none  of  the 
units  examined  fitted  the  requirements  exactly.  Consequently,  construction  of  such 
a  system,  using  commercially  available  and  tested  parts,  was  undertaken. 

Early  design  centered  around  the  use  of  Vac-sorb  pumps  coupled  with  a  large  ion  pump. 
This  basic  approach  was  followed  in  the  final  model. 
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Ht  principal  feaJuras  IncUrda  Interchangeable  (gfute  end  stainless  itc^  fc©fl  {on, 


fao 1 1 1 r.> I o  access  |p  ■)? . *t  to  fi.3  vv ***  kins  crsa#  adequate  ic-sm  Inside  tbs  system  fur  fn- 
itaKci'cn  of  E«£f.*r.s  cr  s!:Jhr  postal  sources,  crJ  provision  for  Infrcfaencn  throws 

tb  sidis  of  ib  c*v3r;.L$r  of  ir&nlpufators  to  eld  In  fho  msktng  of  contacts  under  ultra* 
high  vacuum  conditions. 


As  the  work  progressed,  It  became  evident  that  It  would  bo  necessary  to  consider  the 
use  of  materials  having  relatively  high  vapor  pressures.  Calculations  showed  that  the 
use  of  on  Ion  pump  as  the  principal  method  of  achieving  the  vacuum  desired  would  be 
impractical,  because  of  the  necessity  for  disposing  of  large  amounts  of  foreign  vapors 
produced  in  the  process  of  evaporation.  Furthermore,  It  wes  concluded  that  a  some¬ 
what  larger  system  then  had  been  originally  contemplated  would  ba  required  to  allow 
adequate  spacing  between  evaporation  source  end  substrate.  This  consideration  led  to 
the  final  adoption  of  a  system  employing  a  large  diffusion  pump  with  a  refrigerated 
baffle,  backed  by  a  second  diffusion  pump  inserted  ahead  of  the  fore  pump.  A  dia¬ 
gram  of  the  structure  of  the  main  chamber  of  the  system  Is  shown  in  Figure  5.  Attached 
to  the  main  chamber  are  a  standard  six-inch  Heraaus  oil  diffusion  pump  backed  by  a  two- 
inch  oil  diffusion  pump  and  a  standard  roughing  pump.  The  main  chamber  is  equipped 
with  an  ionization  gauge  ar.d  is  also  provided  with  two  viewing  ports,  several  side 
tubes  for  the  introduction  of  manipulators,  cm  E-gun  port,  and  other  appurtenances 
necessary  for  satisfactory  operation.  The  electrical  control  of  the  unit  is  centered  in 
a  control  chassis  (see  Figure  6) . 
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Tfe®  q/stoa  U  ta&fitfod  to  bs  well  tj*UJ  to  ibi  tb/cs  gr-r^rc!!/  es;d  iralhcds  ©f  thin 
film  tfepsrJfJon  (svap&Qtfca,  f  ^Storing,  e~J  vspjsr-phaM  r®2s?;o)  end  la  Intended 
to  cerate  fk.ia  candlftens  c-f  cia-dcrately  It!;#  vccuum  with  rsksllv-sly  h!;#  vsper 

pr«yre  e&Uitsh  ta&leh  reqyfrs  vary  ie»td  puc-pfr^  to  iRsIntefa  proper  conditions  In 

—10 

tho  chssshoar,  up  to  end  Including  the  ultoshlgh  vacuum  rang©  (bsbw  10  ton)  If 
pmper  pre&su  fleas  b©  token. 


High  current  fecd-fbroughs  c;o  provided  In  c era  It  Is  desired  to  us©  resistance  heat¬ 
ing  of  th©  materials  to  bo  placed  upon  the  substrata,  which  may  ba  dcsircb!®  with  low 
malting  point  materials.  Thss©  same  high  current  feed-throughs  can  bo  used  for  th® 
introduction  of  relatively  lew -frequency  rf  power  In  caso  Induction  heating  Is  da¬ 
ft! rod.  Direct  provision  has  been  msd©  for  Inclusion  of  a  Vartan  E-gun  typo  of  apparatus. 


In  tho  us®  of  any  of  th®  above  methods,  relatively  good  vacuum  conditions  are  de¬ 
sired,  but  In  most  oases  the  ulfrcshigh  vacuum  range  need  not  be  reached.  In  the  high 
vacuum  rang®,  the  clumber  should  be  operated  with  a  neoprene  gasket  (without  re¬ 
frigeration)  and  th®  baffle  need  not  be  employed  for  the  average  application.  To  at¬ 
tain  ultrahigh  vacuum,  the  gasket  should  be  refrigerated,  and  liquid  nitrogen  placed  In 
the  baffle. 


In  ease  sputtering  Is  the  desired  method  of  deposition,  a  positive  Ion  source  can  be 
placed  in  one  of  the  feed-throughs  to  the  chamber  (this  has  not  been  Implemented  or 
yet)  and  the  conventional  technique  applied.  Here,  high  pumping  speed  is  vital,  and 
the  baffle  will  probably  be  useful  to  Increase  the  effective  pumping  speed. 
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ln  c®::3  gfow -discharge  iypt>  spaStertag  Is  wed,  e  h%h  vdte-^a  fesd-Shre-y^h  Is  pro¬ 
vided  to  cllow  Ifw  pcv.-cr  supply  to  fce  connected.  Since  the  optimum  prezz?® 

•2 

3*i  'if  i«  t  afaly  10  L:?,  no  eld.  ore  to  pressuJ  »  ^  r  'j  d  *  » -„■  ^  .  t  .  u  i  1  -j*-  C't*J  f*.  ,  !•:  t.J  t  .„j  ij,  3  ii  i 

lb  vapor  pump  need  not  even  bo  u:cd.  Simitar  ccr.CidctelSans  cpply  to  vapor- 


phase  reaction  deposit  sen. 

2.  Mechanical  Design 

The  main  vacuum  chamber  was  constructed  from  stainless  steal,  duo  to  Its  desirable 


outgo  jssng  performance  end  relatively  lew  cost.  71.3  chamber  Is  18"  In  diameter, 
and  weigh#  approximately  1000  lb*,  ft  Is  provided  with  high  current  electrical  feed- 
through  (20 amp  rating),  multiple  connection  general  purpose  food-through#,  end  Icn- 
constanfon  feed-throughs  for  tlie  Introduction  of  thermocouples,  two  viewing  ports 
(2M  diameter),  and  a  standard  Ionization  gauge. 


The  pumping  system  includes  a  thermocouple  gauge  for  monitoring  the  fore  pressure  of 
the  system,  which  is  interlocked  with  the  oil  diffusion  pump  to  prevent  their  being 
turned  on  under  adverse  conditions.  A  pneumatically  operated  bellows  type  valve 
Is  Included  for  isolating  the  system  from  the  fore  pump.  Water  coaling  Is  provided 
for  the  oil  diffusion  pump,  and  a  quench  coll  is  alia  Included  to  allow  rapid  shut 
down  of  the  main  pump.  The  main  bell  {or,  which  weighs  several  hundred  pounds. 

Is  provided  with  air-operated  lifts  to  allow  easy  access  to  the  chamber  Itself.  A 
photograph  of  the  mechanical  arrange  men;  of  the  completed  system  Is  shown  as 
Figure  7. 


3,  Efacfcfr-esl  Dci*r,i 

isile  ccrsSrol  cf  Hst  w nit  Is  daslgnsd  Jo  provsnt  ccntsndfts&cn  of  (he  oil  In  *5s©  put^i 
«r<d  ©ihs?  I'&dscfa&h  efTc-ste  In  csss  of  c  power  fallur©  c?  ether  cotestte^htc  foStures 
Involve  less  of  veerara.  lb  csalrd  system  requires  (sbo^h  fha  uss  of  tobek- 
fng  relays)  o  proper  sequence  of  turn-on  cr.d  turn-off  for  the  system.  For  cramp!  3,  tho 
power  to  (ho  main  diffusion  pump  Is  Interlocked  both  by  tho  supply  of  on  adequate  flew 
of  water  end  by  the  presence  of  a  suitable  fore  vacuum.  Likewise,  tho  quench  coll 
In  the  train  diffusion  pump  Is  connected  In  such  a  way  that  In  cose  of  power  failure, 
water  Is  automatically  Introduced  into  the  coll  to  effect  rapid  cooling  and  thereby 
minimize  damage.  Also,  a  bi-metallic  element  thermostat  is  provided  to  assure  proper 
cooling  water  temperature  end  to  automatically  turn  off  the  diffusion  pump  power  In 
case  of  inadequate  cooling. 


Pressure  Is  measured  by  the  thermocouple  gauge  and  by  the  ionization  gauge,  using  a 
standard  commercial  ionization  gauge  control  unit.  The  thermocouple  gauge  Is  con¬ 
nected  so  as  to  monitor  the  fore  pressure  and  to  prevent  operation  of  the  diffusion 
pump  without  an  adequate  fore  vacuum;  the  circuit  employed  for  this  purpose  is 
shown  in  Figure  8. 


The  power  supply  for  the  E-gun  source  employed  Is  a  standard  Varlan  unit,  and  Is 
completely  described  in  the  instruction  book  for  this  unit.  The  only  special  provision 
mode  in  the  control  circuitry  Is  the  provision  of  on  interlock  to  prevent  the  E-gun 
from  being  activated  unless  the  fore  pressure  Is  adequate  and  the  diffusion  pumps  ore 


on. 
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4.  Performance 

The  system  is  designed  to  operate  satisfactorily  from  the  moderate  vacuum  range  to 

-8 

the  range  somewhat  beyond  10  torr  without  refrigeration  equipment  being  provided 

-10 

for  the  O-ring  seal,  and  to  pressures  of  10  torr  in  case  such  refrigeration  is  pro¬ 
vided.  Although  a  refrigerating  coil  has  been  incorporated  in  the  system,  it  has  not 
been  felt  desirable  to  extend  the  range  to  the  ultrahigh  vacuum  region  until  expert  - 
mental  requirements  demand  it.  A  standard  commercially  available  manipulator  has 
been  included  in  the  system,  but  this  will  have  to  be  replaced  later  by  an  improved 
design  if  ultrahigh  vacuum  performance  is  required.  The  system  is  designed  to  permit 
bake-out  (using  fibreglass  blankets  and  standard  strip  heaters)  when  ultrahigh  vacuum 
operaticn  is  desired. 

Other  than  routine  leak-checking  with  a  helium  leak  detector  and  the  repair  of  leaks 
so  revealed,  no  particular  operating  problems  have  been  encountered  and  the  per¬ 
formance  of  the  system  is  good. 
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AffENDIX  I 

Study  of  Twppid  Dust  ftirtfclo» 

Q 

Snail  dust  parHcUs  (on  tho  order  of  1000  Adlamotor  or  smaller)  aro  often 
trapped  between  surfaces  In  optical  contact,  and  these  produce  local  areas  of  non- 
contact  which  are  readily  observed  because  of  the  enhanced  local  optical  re¬ 
flectivity.  These  dust  portlcles  also  set  up  large  local  stresses  which,  In  the  case 
of  pyrex  flats,  con  be  readily  detected  with  a  polarizing  microscope.  It  Is  well 
known  that  glass  becomes  blrefrlngent  when  stressed .  The  phase  difference  be¬ 
tween  the  ordinary  and  extraordinary  wave  being  given  by 

*  s  4r 

where  n^ ,  Is  the  Index  of  refraction  for  polarization  parallel  to  the  lines  of  stress 
and  n2  for  polarization  perpendicular  to  the  stress  lines  (nj  n^);  d  Is  the  thick¬ 
ness  of  the  blrefrlngent  medium.  The  equation  can  also  be  written  as: 

where  C  Is  the  relative  stress  optical  coefficient  and  varies  between  1  x  10  and 

-13  2 

10  x  10  cm  /  dyne  for  common  optical  glasses.  T  Is  the  stress. 

Because  of  the  circular  symmetry,  one  sees  a  four  lobed  star  pattern,  the  nodes  be¬ 
ing  at  multiples  of  90°  with  respect  to  the  direction  of  the  analyser.  We  were  able 

to  determine  tfa  t  the  phase  difference  was  less  than  TT.  If  it  is  assumed  that  the  de- 

-2 

formation  is  spherically  symmetric,  leading  to  an  effective  d  on  the  order  of  10  cm. 
10  2 

we  obtain  10  dynes/cm  for  the  stress.  This  matter  was  not  pursued  further,  and 
the  exact  significance  of  the  results  is  not  clear.  Nevertheless,  it  should  be  re¬ 
cognized  that  small  dust  particles  can  be  used  as  a  quasi  microscopic  probe  for  invest? 

"  adhesion  forces  between  surfaces. 
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FIGURE  1 

APPARATUS  FOR  MEASURING  TENSILE  STRENGTH  OF  OPTICAL  CONTACT  BONDS. 


•  FIGURE  2 

SCHEMATIC  OF  ULTRAHIGH  VACUUM  SYSTEM. 


DUST  SHIEL 


FIGURE  3 

SCHEMATIC  OF  TEST  CHAMBER.  ( Interior  ocrts  ore  msde  of  OFKC  coooer  except  for 

Kovor  tube  monel  bellows  and  stainless  steel  rods. 
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termlnlng  th®  adhesion  mechanism  end  Its  chsrcsfcriatlcs  end  th®  tesh- 
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aCisvy  dapnanaat  hj^arlficatise,  aaefa  aa  project  aaafaar. 
aaitprejeer  arsafaaa.  ay  sura  aaadfaara,  leak  assnsi'er,  ate. 

•a.  0UaRA70E*9  IEP0S1T  HUMSr’KS):  Eater  the  effi- 
aial  aaptrt  aesifaer  fay  whisk  the  docaeaat  will  be  iAaatlfkd 
aad  eaaaalU  fay  the  arificstixj  activity.  Tfaia  aaafaar  oast 
be  eekjaa  la  tfaia  repart. 

94  OTSE1  REPC9T  NUUCSICS):  H  tfaa  report  has  faaaa 
aasigaed  aay  etfaar  rKport  aarahora  (titktr  fay  the  tripmsor 
•r  ly  the  apeaaerfa  alas  aetar  tfaia  aaafaar (*U 


k  ia  faifbly  dceintkla  that  tfaa  abstract  el  deaalfled  re¬ 
ports  be  aaclaceiliod.  Each  paragraph  el  tfaa  ebatract  shall 
aad  with  at  iadicatiee  el  the  ailiury  eecaity  claasificatiea 
al  the  frderoatiea  ia  the  paragraph,  repreeemtad  aa  ITS A  (S\ 

There  is  ae  llaitatioa  aa  tfaa  laaatfa  ef  the  abstract.  How- 
•  19  to  US  wonia. 


There  is  ae  llaitatioa  ta  tfaa  beech  ef  the  abstract.  How¬ 
ever,  tfaa  eafgaued  leagtfa  ia  from  159  to  US  wonie. 

14  KEY  VOKDS:  Kay  werda  are  tecfaaically  aMseits^fel  tense 
or  abort  phraaes  that  csafscirrisa  a  report  aad  any  be  aaffd  aa 
iedei  eatries  far  caulogisg  the  resort.  Key  treed*  nest  be 
selected  so  that  ae  teearity  clesuficsltes  ia  iwsuiretl.  faleati- 
flera,  each  aa  egaipneal  amdel  deakaatloa,  trad*  e«k»,  will- 
tary  prelect  cede  aaaa,  gaegrachie  lecatioa,  any  fas  essd  os 
key  wards  bet  will  ke  followed  fay  at  iadicatiee  ef  technics! 
coat ut.  Tfae  aeei jiaarat  ot  liafaa,  rales,  aad  waists  ia 


